Zadorozhnaya G.: Spatiotemporal dynamics of soil penetration resistance of recultivated soil. Ekológia (Bratislava), Vol. 37, No. 1, p. 82-89, 2018. This article examines changes in the spatial distribution of soil penetration resistance in ordinary chernozem (Calcic Chernozem) and in the recultivated soil in 2012 and 2014. The measurements were carried out in the field using an Eijkelkamp penetrometer on a regular grid. The depth of measurement was 50 cm, the interval was 5 cm. The indices of variation of soil penetration resistance in space and time have been determined. The degree of spatial dependence of soil penetration resistance has been determined layer by layer. The nature of temporal dynamics of soil penetration resistance of chernozem and technical soil has been described. A significant positive relationship of the structure of chernozem in the two years of the research has been shown. Significant correlations between the data of different years in the technical soil were found to be mostly negative.
Introduction
The specific role of soil in ecosystems gives a high degree of relevance to research of anthropogenic soil processes (Brady, Weil, 2002; Karpachevskij et al., 2007) . The strongest anthropogenic impacts are suffered by the soil that is formed by the extraction of mineral deposits through open-cut mining (technical soils). They go through the stages of complete destruction of the soil body and creation of a new one (Yeterevska et al., 2008; Uzbek et al., 2010) . Substrates are formed by waste disposal areas of the mining industry. Theoretically, such soils can be considered as models of young natural soil. From a practical standpoint, the study of such soils is necessary to solve the problems of their economic use (Ditsch, Collins, 2000) . It is known that soil formation under the man's influence proceeds more actively than in adjacent conditionally natural ecosystems (Gerasimova et al., 2003; Medvedev, 2014) . Cases of increase in speed of soil processes in conditions of contamination with foreign compounds, secondary salinization during irrigation, periodic deep ploughing have been described (Nikiforova, Solntseva, 1982; Solntseva, Rubilina, 1987; Gerasimova et al., 2003) . Due to the youth of the reclaimed soils, a large number of particular processes occurring in them remain unclarified.
To assess the condition of the soil body, the soil penetration resistance index is applied (Bölenius et al., 2006; Medvedev, 2009; Alvarez et al., 2009 ). This emulates the living conditions of soil inhabitants (Lipiec, Tarkiewicz, 1990; Vanags еt al., 2004; Godefroid, Koedam, 2004; Langmaack et al., 2002) . At the same time, the variation in soil penetration resistance correlates with the change in most properties important for soil fertility (Vachel, Ehrlich, 1988; Grunwald et al., 2001; Vanags et al., 2004; Topp et al., 2003; Bajla, Minarik, 2003; Böle-nius et al., 2006) . The objective of this study is a comparative analysis of temporal changes in the spatial variation of soil penetration resistance of recultivated soil and natural soil.
Material and methods
The soil penetration resistance was studied in the field environment to a depth of up to 50 at 5 cm intervals. A hand penetrometer Eijkelkamp was used in the study (Young et al., 2000; Grunwald et al., 2001; Bengough et al., 2001; Cecilia et al., 2012; Zhukov, Zadorozhnaya, 2016) . The average error of the measurement results of the device is ± 8%. Soil penetration resistance was measured using a cone with a cross-section of 2 cm² in each section of the test site.
Ordinary chernozem (Calcic Chernozem) was selected for study as natural soil (control). The test site is located in a steppe area adjacent to the south-eastern slope of the Kamenistaya Gully (southern outskirts of the city of Dnipro, Ukraine), 48°38'67"N, 35°09'05" E. The soil penetration resistance of the technical soil was studied at a recultivation site in the Nikopol manganese-ore basin (city of Pokrov, Ukraine), 47°38'55 "N, 34°08'33" E. Sodlithogenic soil on red-brown clays was chosen as the substrate. The landfill was created 40 years ago. Currently, crops are not cultivated on the test sites, though cereals and beans grow there in feral condition.
The material was collected in June 2012 and 2014. The test sites are a regular grid of 7×15 m. The distance between the sampling points was 3 m. Accordingly, the dimensions of each test site were 18×42 m.
In statistical calculations, the methods of descriptive statistics were used. To determine the level of spatial dependence of soil penetration resistance parameters, geostatistical analysis of data was applied (Verones et al., 2006; Webster, Oliver, 2007; Diggle, Ribeiro, 2007; Calderon et al., 2008; Chien et al., 1997) . The spatial dependence level (SDL) was calculated by the formula: , where C 0 is the nugget-effect, C 1 is the partial sill.
The indices for C 0 , C 1 and the range (R) were obtained on the basis of simulations of variograms of spatial variability of soil penetration resistance (Legendre, Fortin, 1989; Grunwald et al., 2001; Webster, Oliver, 2007) .
The degree of conjugation of the spatial distribution of the soil body indices in different years of the study was established by means of correlation analysis.
Results
Chernozem has less absolute soil penetration resistance factors than recultivated soil. The average values of chernozem soil penetration resistance did not exceed 2.67 ± 0.07 MPa (Table 1). The technical soil penetration resistance value was much higher. The maximum values in 2012, were 8.42 ± 0.33 MPa, and in 2014 were 6.71 ± 0.15 MPa. The reason for this is the direct dependence of soil penetration resistance on humidity (Umarova et al., 2013) . Recultivated soil quickly loses moisture due to the low content of organic matter and the absence of water-resistant structure (Zhukov et al., 2013; Demidov et al., 2013) . Soil penetration resistance data were more variable in the upper soil layers. The greatest values of the variation coefficient corresponded to the layer of 5−10 cm from the surface in all cases.
The lower the SDL value, the greater the spatial dependence of these data. A higher level of spatial dependence is described in the data for the upper layers of the soils studied. In the upper layers, the bulk of the roots of plants and soil animals is concentrated. Their vital activity has a structuring effect on the soil and increases the level of spatial dependence.
The semivariogram range (R) shows the distance at which the geostatistic model first flattens out or in our case the distance over which the mutual spatial influence of the soil masses spreads. In general, this indicator is higher in chernozem than in technical soil. During the two years of study, the radius of influence decreased with depth, while in recultivated soil it increased.
Based on the geostatistical data, maps of the layered distribution of soil penetration resistance in the soils studied were designed (Fig. 1) .
Darker areas indicate increased soil penetration resistance. The transition to the areas of lesser soil penetration resistance has a gradient character. With increased depth the pattern T a b l e 1. Parameters of spatial variation of soil penetration resistance. Notes: x − is an average value (MPa); SE -is the standard error; CV -is the coefficient of variation (%); SDL -is the spatial dependence level (%); R -is the radius of influence (m). changes. One can observe a three-dimensional separation of the soil material in terms of increased soil penetration resistance. The maps of the same sites changed considerably over two years. Less solid areas appeared in place of harder ones, and vice versa. In order to determine the quantitative measure of the soil structure relationship in different years, a correlation analysis was performed (Tables 2, 3 ).
The spatial distribution of chernozem soil penetration resistance data in different years is strongly correlated. The structure of the upper soil layers (0−5, ..., 15−20 cm) in 2014 reliably depends on that of 2012. A similar pattern is observed in the data of the lower layers (30−35, ..., 45−50 cm) of the studied soil mass. Layers of 20−25 and 25−30 cm carry data about the past structure of the entire soil profile. The structure of the layer of 45−50 cm depends also on the structure of the surface layers (0−5, 5−10 cm), which was observed 2 years previously.
The spatial distribution of soil penetration resistance of the technical soil also has much in common with the data of the preceding years. Over the two years of study, reliable correlations were observed in almost all the studied soil layers. The structure of the upper layers (0−5, ..., 15−20 cm) exerts the strongest influence on the lower layers of the soil. The most Notes: see Table 2 .
dependent layers are those of 5−10 and 15−20 cm. It should be noted that the correlation is mostly negative. Reliable positive coefficients are observed only in the data of the layer of 15−20 cm in 2014. A reliable negative correlation can be traced in all soil layers except the 20−25 cm layer.
Discussion
The results of the study show that the soil has a memory of the past structure (Targulian, Goryachkin, 2008) . A high level of dependence of soil penetration resistance data distribution was revealed over the two years of research. The discovered relations in the technical soil were weaker than those of the chernozem. Reliable correlations between the data of the technical soil for the different years were mostly negative. Negative dependencies also indicate the existence of a relationship. However, they show that in the areas of increased soil penetration resistance it decreased over two years and vice versa. Most likely, the driver of such processes is vegetation. From the point of view of solid phase structural organization, anthropogenic soil is considered as a simpler system with limited buffering (Anand et al., 2002; Gerasimova et al., 2003 , Serafim et al., 2008 . The latter affects the stability and structure of plant aggregations. Intraspecific and interspecific relationships of plants are determined by trophic dependencies and environmental transformation (Chesson, 2000) . In chernozem these relationships were formed long ago. Recultivated soils are very young. Within these soils, transformations of vegetation on them are very clearly expressed from year to year. There is a rapid change in species composition and quantitative relationships. In this context, important work has been conducted on plant communities on technical soil (Andrusevich, Stirz, 2014) . This research found an expansion in a range of species with different environmental preferences in comparison with the natural community. It indicates the variability of ecological environmental regimes for the vegetation of anthropogenic soil. The share of young plants on technical soil is over 1.5 times higher than it is for the natural community. This indicates the state of dynamic transformation of vegetation on technical soils. In turn, the structure of the plant community influences the structure of the soil (Zhukov, Zadorozhnaya, 2015) . Depending on the characteristics of the root systems, this effect is significant (Montagu et al., 2001; Vanags et al., 2004; Godefroid, Koedam, 2004) . Rapid changes in the configuration of the plant community lead to dynamic restructuring of the soil. The presence of a large number of negative correlations between the structure of technical soil during the different years of the study confirms our assumptions.
Conclusion
The chernozem studied had lower indices of absolute soil penetration resistance than the recultivated soil. The maximum average value of soil penetration resistance of the chernozem was 2.67 ± 0.07 MPa, while for technical soil it was 8.42 ± 0.33 MPa. The values of black and technical soil penetration resistance were more variable in the upper layers of the soil. The greatest values of the coefficient of variation correspond to the layer of 5−10 cm from the surface in all cases (33.09−42.7%).
A higher level of spatial dependence is described in the data for the upper layers of the soils studied.
The radius of influence in the chernozem decreased with depth, while it increased in the reclaimed soil. Absolute values of the radius of influence in the chernozem were higher than those of technical soil.
A high level of dependence of soil penetration resistance data distribution was revealed over the two years researched. The discovered relations in the technical soil were weaker than those of the chernozem. Reliable correlations between the data of the different years in the technical soil were mostly negative.
